SUMMARY DEAD box RNA helicases play central roles in RNP biogenesis. We reported earlier that LAF-1, a DEAD box RNA helicase in C. elegans, dynamically interacts with RNA and that the interaction likely contributes to the fluidity of RNP droplets. Here we investigate the molecular basis of the interaction of RNA with LAF-1 and its human homolog, DDX3X. We show that both LAF-1 and DDX3X, at low concentrations, are monomers that induce tight compaction of single-stranded RNA. At high concentrations, the proteins are multimeric and dynamically interact with RNA in an RNA length-dependent manner. The dynamic LAF-1-RNA interaction stimulates RNA annealing activity. ATP adversely affects the RNA remodeling ability of LAF-1 by suppressing the affinity, dynamics, and annealing activity of LAF-1, suggesting that ATP may promote disassembly of the RNP complex. Based on our results, we postulate a plausible molecular mechanism underlying the dynamic equilibrium of the LAF-1 RNP complex.
INTRODUCTION
LAF-1 and DDX3X are orthologous DEAD box RNA helicases found in C. elegans and humans, respectively. They belong to the DDX3 subfamily ( Figure 1A ) and are core protein components of ribonucleoprotein (RNP) bodies known as P granules (Updike and Strome, 2010) . The helicases in the DDX3 subfamily, including LAF-1 (C. elegans), Ded1p (yeast), and Belle (Drosophila), play a role in RNP assembly and remodeling (Beckham et al., 2008; Shih et al., 2012; Yarunin et al., 2011) . Our previous study demonstrated that a dynamic LAF-1-RNA interaction may be involved in the phase separation of RNP granules in vitro . Both LAF-1 and DDX3X consist of a DEAD box helicase core and long stretches of flexible amino acids chains in their N-terminal domain (NTD) and C-terminal domain (CTD) . Motif analysis defines characteristic amino acid sequences at both the NTD and CTD as intrinsically disordered regions (IDRs) (Goujon et al., 2010; Sigrist et al., 2013; Figures 1B and 1C) . The IDRs on RNA binding proteins have been shown to guide the targeting of particular proteins, TIA and FUS, to stress granules (Gilks et al., 2004; Kato et al., 2012) and promote P body formation in yeast (Decker et al., 2007; Reijns et al., 2008) . Because of the known propensity of IDRs to self-assemble, they have been proposed to play a major role in stimulating RNP granule assembly (Buchan, 2014) , which is believed to occur spontaneously when the constituent components reach a critical concentration (Brangwynne et al., 2011) . Interestingly, RNP granules display a liquid-like behavior (Brangwynne et al., 2009; Feric and Brangwynne, 2013; Wippich et al., 2013) . Numerous recent studies demonstrated that liquid-like phase-separated granules formed with RNA binding proteins harboring intrinsically disordered or low-complexity domains that are implicated in neurodegenerative diseases. (Burke et al., 2015; Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015; Zhang et al., 2015) . Some of these proteins, including the ones with patients' mutations exhibit liquid-to-solid transition over time, recapitulating a pathological fibrillation observed in patients with neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) . A recent proteomics study reported that stress granules undergo a highly dynamic exchange at the surface, likely by forming an outer shell that surrounds a more stable core. This study demonstrated the role of ATP in both assembly and dynamics of RNP granules (Jain et al., 2016) . Despite the emerging view on RNP formation and dynamics, the molecular details are unclear. Here we chose two key proteins found in RNP granules, LAF-1 and DDX3X, as model systems to dissect RNA-protein, protein-protein, and RNP-RNP interactions and thus elucidate the underlying molecular events that may contribute to RNP granule formation and dynamics.
The helicase core domain in the center of both LAF-1 and DDX3 features a Q motif containing the DEAD box peptide sequence and contains the ATP-and RNA-binding sites. Based on previous structural studies (Sengoku et al., 2006) , we expect that the helicase core that consists of two RecA-like domains will interact with single-stranded RNA (ssRNA). However, the functional significance of the IDRs at both the N and C termini of LAF-1 and DDX3 is still poorly understood. The NTD of LAF-1 has an unusually high number of RGG/RG boxes that are known to bind ssRNA (Mattaj, 1993) . In addition, the NTDs of both proteins consist of multiple consecutive sequence patches that are predicted to be of low complexity and high disorder (Dyson and Wright, 2005; Figures 1D and 1E) . The CTD of LAF-1 is composed of many consecutive glycines, FGG boxes, and consecutive glutamines, which is the signature of a prion domain (Taylor et al., 2002 ; Figure 1D ). The FGG box is a hydrophilichydrophobic interaction motif mainly found in nuclear membrane-interacting proteins (Suntharalingam and Wente, 2003) . Glutamine-rich, low-complexity regions are often found in RNA-interacting proteins, especially in the context of processing bodies or stress granules (Buchan et al., 2008; Gilks et al., 2004) . DDX3X also entails a prion-like domain at its CTD, signified by the presence of an FGG box and YGG box, known to be involved in protein-protein assembly ( Figure 1E ). Despite the presence of several signature sequences and their known function in RNP assembly, the mechanistic details of how the NTD and CTD of LAF-1 and DDX3 may contribute to RNA binding and how such RNA binding may modulate protein conformation ( Figure 1F ) are unknown. Furthermore, in light of our previous study, which implicates these domains in forming a hub of RNA and proteins during RNP assembly , questions arise as to how the protein-RNA interaction mode changes as a function of RNA length, protein concentration, and ATP concentration.
To address these questions, here we probed the molecular interaction between LAF-1 and RNA. Using single-molecule fluorescence detection and biochemical measurements, we mapped the changes in protein-RNA binding mode as a function of protein concentration, stoichiometric distribution, RNA length, and ATP concentration. At low concentrations, LAF-1 displayed a stable interaction with ssRNA, where the monomer protein appears to wrap the RNA strand tightly. In contrast, at high concentrations of LAF-1, on a long ssRNA substrate (R40 nt), multiple units of LAF-1 occupied RNA and induced a dynamic conformational change within the ssRNA. The same concentration-dependent pattern in RNA binding mode was also displayed by DDX3X, raising the possibility of a conserved mechanism shared in this subfamily of RNA helicases. Our mutational analysis indicates that the N-terminal RGG-rich domain lowers the affinity of LAF-1 toward RNA and is directly responsible for inducing the dynamics in RNA, in agreement with our previous finding . Interestingly, such dynamics lead to accelerated RNA annealing activity, likely reflecting an improved interaction between protein-RNA complexes. In the presence of ATP, the protein-RNA affinity, dynamics, and RNA annealing activity by LAF-1 were all diminished, reflecting a role of ATP in reducing protein-RNA and protein-protein interactions. Taken together, we propose a model where RNP formation, disassembly, and remodeling are dynamically modulated by parameters such as local protein concentration, length of RNA, and ATP concentration.
RESULTS
ssRNA Compaction by LAF-1 We tested LAF-1 binding to double stranded RNA (dsRNA) and ssRNA substrates by electrophoretic mobility shift assay (EMSA). LAF-1 displayed binding to RNA containing ssRNA at either the 3 0 or 5 0 end but not to pure dsRNA ( Figures 1G-1I ). We further confirmed the substrate specificity by single-molecule protein-induced fluorescence enhancement assay (Hwang et al., 2011; , which was consistent with the EMSA data ( Figure S1 ). This substrate specificity is in agreement with a previous structural study of DDX3X (Epling et al., 2015) . Based on this finding, we prepared a partially duplexed RNA labeled with Cy3 (donor, green) and Cy5 (acceptor, red) situated at either end of the ssRNA (see Table S1 for the RNA sequence) to probe the conformational change of ssRNA induced by LAF-1 binding by single-molecule Fö rster resonance energy transfer (smFRET) (Roy et al., 2008) . To immobilize this RNA substrate to the single-molecule surface by biotinNutrAvidin linkage, we constructed biotinylated strands with 15, 30, 40, and 50 nucleotides of polyuracil (poly-U) tail (Figure 2A) . We used polyuracil ssRNA rather than mixed bases to avoid the formation of an unintended secondary structure within the ssRNA. We collected FRET values from more than 5,000 molecules and built a FRET histogram for each length of ssRNA. Because of the flexibility of single-strand nucleic acid (Murphy et al., 2004) , the resulting FRET values of U15, U30, U40, and U50 ranged between 0.6 (for U15) and 0.3 (for U50) ( Figure 2B , gray columns). When LAF-1 protein (20 nM) was applied to this set of ssRNA, we detected a distinct FRET increase for U30, U40, and U50 but not for U15 ( Figure 2B , light blue columns). LAF-1 binding to poly-U substrates occurred immediately after the protein addition, as shown in ensemble averaged donor and acceptor intensities ( Figure 2C ) and in representative single-molecule FRET traces ( Figure 2D ). This result indicates the following. First, U15 is not long enough for LAF-1 association, but U30-U50 ssRNA can accommodate LAF-1 binding. Second, the discrete FRET shift to a higher level observed in U30-U50 suggests that the end-to-end distance of RNA is diminished in all three substrates. Third, the high FRET peaks remained high even after washing with buffer three times ( Figure S2 ), indicating that the association of LAF-1 with ssRNA is highly stable. In a typical FRET experiment, any protein binding to this type of substrate is expected to occupy space in ssRNA or ssDNA and lower FRET (Hwang et al., 2012 Qiu et al., 2013) . We tested this effect by subjecting an RNA helicase, Sen1, to the U30-FRET RNA construct. The helicase binding to U30 resulted in a FRET decrease, suggesting that the protein binding increased the dye-to-dye distance by stretching the two ends of the ssRNA ( Figure S3 ). The unusual FRET increase seen here suggests that the protein induces a tight compaction of the flexible ssRNA such that the two dyes are brought to close proximity. The similarly high FRET level obtained for U30, U40, and U50 suggests a length-independent compaction generated by LAF-1.
The Multimer of LAF-1 Induces Dynamic Interaction with ssRNA We reported earlier that LAF-1 induces dynamics on ssRNA selectively at high concentrations where LAF-1 can self-organize into viscous liquid-like droplets in vitro . Based on this observation, we hypothesized that LAF-1 may form into multimers/oligomers in this concentration range. To test this effect, we applied varying concentrations (1-230 nM) of LAF-1 to U30, U40, and U50 RNA substrates and performed an EMSA analysis. For U30, only a single band shift appeared throughout all concentrations, whereas U40 and U50 displayed two shifts, denoted by red asterisks, at higher LAF-1 concentrations ( Figure 3A ). This result clearly shows that shorter ssRNA (%30 nt) cannot but longer ssRNA (R40 nt) can accommodate multimers of LAF-1 ( Figure 3A) . Quantification of the first and second shift obtained for U50 shows that the transition from the first to the second shift occurs at 100 nM LAF-1 concentration ( Figure 3B ). We then tested a similar concentration range of LAF-1 in smFRET experiment with U30, U40, and U50. When 15 nM LAF-1 was added to U50 RNA, the low FRET peak shifted completely to a high FRET, again reflecting tight compaction of ssRNA, also observed in Figure 2 . When the protein concentrations were raised to 25, 50, and 100 nM, we observed an appearance of a broad mid-FRET peak and diminishing level of the high FRET peak. In agreement, as the protein concentration increased, single-molecule traces displayed a transition from static high FRET to dynamic FRET fluctuation. At 300 nM LAF-1, for U50 RNA, dynamic FRET dominates ( Figure 3C ). On the contrary, at high LAF-1 concentrations, U30 RNA showed mostly static, non-dynamic high FRET traces. Based on these results, we interpret that the first band shift in EMSA corresponds to a monomeric LAF-1 that wraps RNA tightly at low concentrations (< 15 nM) ( Figure 3D ) and that the second shift corresponds to multimers of LAF-1 that induce a dynamic interaction with ssRNA at high concentrations ( Figure 3E ). We note that FRET fluctuation is not likely due to successive protein binding because the FRET range in the fluctuation (0.45-0.85) is above that of the RNA-only FRET level of 0.35 . Further examination of smFRET traces obtained for U40 and U50 revealed a small fraction of molecules (10%-15%) exhibiting a two-step FRET increase followed by FRET fluctuation, suggesting that successive binding of two units of LAF-1 may be responsible for the dynamic FRET fluctuation ( Figures S4A and S4B ). In addition, fluorescently labeled N-terminal domain, which also multimerized ( Figure 5E ) and exhibited dynamic FRET ( Figure 5D ), displayed two-step photobleaching, also reflecting two LAF-1-NTD molecules bound to RNA ( Figures S4C-S4E ).The emerging picture is that the two protein units stay on the RNA and continuously induce dynamic wrapping and unwrapping of RNA. LAF-1 gives rise to static high FRET and dynamic fluctuating FRET, depending on whether it is present as a monomeric or dimeric species, respectively. In the intermediate concentration ranges (25-100 nM), we observed mixed behavior, corresponding to a mixture of monomer and dimer LAF-1 binding to RNA. Thus, the two parameters controlling the static versus dynamic protein-RNA interaction interface are LAF-1 concentration and the length of ssRNA. The tight protein-RNA interface at the monomer state changes to dynamic interaction mode when two units of protein bind RNA together ( Figures 3D and 3E ).
A C B D E

DDX3X Displays Concentration-Dependent Dynamics on RNA
Based on its high similarity to LAF-1, we prepared DDX3X to test whether it exhibits similar binding behavior to ssRNA. As before, the U50 RNA FRET construct produced a FRET peak at 0.35. Upon addition of DDX3X (720 nM), the low FRET peak shifted to high FRET (0.8), suggesting a similar tight compaction of ssRNA as observed for LAF-1 ( Figure 4A, top) . In fact, the high FRET value is similar to what was seen for LAF-1 bound to U50 ( Figure 3C , 15 nM), suggesting that a similar mechanism is involved in protein-RNA interaction. As the protein concentration of DDX3X is increased, a broad mid-FRET peak emerges, again in a similar manner as seen in LAF-1 ( Figure 4A, bottom) . In agreement, the single-molecule traces display a steady high FRET at low DDX3X concentrations and dynamic FRET fluctuation at high concentrations ( Figure 4B ). In summary, DDX3X induces tight compaction or wrapping of ssRNA at low concentrations ( Figure 4C ) and imparts dynamic fluctuations in ssRNA at high concentrations ( Figure 4D ) in a similar manner as exhibited by LAF-1. This result signifies that both LAF-1 and DDX3X undergo the same inherent change in the way they interact with RNA in a concentration-dependent manner.
The N-terminal RGG Domain of LAF-1 Lowers the Affinity to RNA and Induces Dynamics on RNA We previously reported on the role of N-terminal RGG-rich domains of LAF-1 in inducing dynamics on RNA and promoting droplet formation . Here we used smFRET and biochemical assays to probe how the intrinsically disordered N-and C-terminal domains of LAF-1 may contribute to RNA binding affinity and dynamics ( Figure 5A ). We compared three truncation mutants of LAF-1, C-terminal deletion (DCTD), N-terminal domain (NTD-only), and N-terminal deletion (DNTD) ( Figure 5B ). On U50, all three LAF-1 protein variants showed a FRET shift to 0.8, suggesting a similar mode of RNA binding and compaction in all cases. Using the fraction of high FRET molecules as binding criteria, we generated a binding isotherm curve for LAF-1FL and the three truncation mutants of LAF-1 (Figure 5C ). Interestingly, all three truncation mutants displayed tighter binding to RNA than LAF-1FL, reflecting that both the NTD and CTD negatively regulate RNA binding in the context of full-length LAF-1. When applied at high concentration (2 mM), LAF-1FL, DCTD, and NTD-only all exhibited dynamic FRET fluctuation, whereas DNTD remained bound in a static manner . In agreement, the single-molecule FRET data analyzed by cross-correlation displayed a clear presence of FRET fluctuation in all but the DNTD mutant ( Figure 5D ). We asked whether the loss of dynamic interaction with RNA in DNTD can be due to its inability to multimerize. To test this effect, we performed EMSA analysis with NTD-only and DNTD on U50. Indeed, the result showed that, although the NTD-only mutant multimerized, giving rise to a clear second band shift at low concentration ( Figure 5E ), the DNTD mutant exhibited a single shift throughout the concentration range tested (1-3 mM) ( Figure 5F ). Based on these findings, we propose a plausible model that defines a role of NTD in modulating protein-RNA interaction. The NTD serves to reduce the protein-RNA affinity, enables multimerization of LAF-1 on long ssRNA, and induces dynamics on RNA ( Figure 5G ). ( Bizebard et al., 2004; Jarmoskaite and Russell, 2011; Linder and Jankowsky, 2011; Rogers et al., 1999; Tijerina et al., 2006) , LAF-1 does not lead to active unwinding, as tested by gel electrophoresis and single-molecule fluorescence assays ( Figure S5 ). In light of the correlation between the dynamic interaction of LAF-1 and RNA and the formation of droplets (ElbaumGarfinkle et al., 2015) , we sought to test whether the RNA-protein dynamics can promote efficient RNA annealing by bringing RNP complexes in close proximity. In our single-molecule platform, we immobilized a partially duplexed RNA labeled with FRET dyes at either end of ssRNA, which exhibits high FRET (0.75) because of the flexibility of ssRNA (Murphy et al., 2004) . We note that the FRET value is substantially higher than expected from the 25 polyuracil substrate (U25), likely because of the mixed base composition (with A, U, G, and C) that led to an increased intramolecular interactions within the ssRNA. The same RNA used in the unwinding study revealed the same high FRET (Koh et al., 2014) . We applied LAF-1 and ssRNA (10 nM) that bears a complementary sequence to the FRET RNA construct so that annealing will be detected as a decrease in FRET signal ( Figure 6A ). When the pre-incubated mixture of LAF-1 and 10 nM complementary RNA is applied to a FRET-RNA-immobilized surface, the free LAF-1 is expected to interact with the RNA on the surface, whereas the complementary RNA is already in complex with LAF-1. Therefore, we monitored the annealing induced by interaction among LAF-1-RNA complexes. We tested conditions of no protein (RNA-only), LAF-1FL, DNTD, NTD-only, and DCTD LAF-1 at a binding isotherm saturation point of 40-60 nM. FRET histograms collected from over 100,000 molecules were plotted over time for LAF-1FL, DNTD, and DCTD ( Figures 6B-6D ). The fastest annealing was achieved by the DCTD mutant, followed by NTD-only and the wild-type (WT). To obtain the annealing rate, the same FRET histograms were dissected into finer segments from which the fraction of annealed RNA was extracted and plotted ( Figure 6E ). The calculated annealing rates show that DCTD induces the most efficient annealing, with a rate approximately 15 times higher than the RNA-only condition, revealing the CTD of LAF-1 as a negative regulator of RNA annealing activity, possibly by inhibiting interaction between LAF-1-RNA complexes. In contrast, DNTD yielded a negligible difference in annealing rate, whereas NTDonly induced a moderate improvement. Wild-type LAF-1 showed a concentration-dependent annealing. When the concentration was low, it barely promoted RNA annealing, but at high protein concentration, it accelerated RNA annealing ( Figure S6 ; Figure 6F) . Interestingly, the conditions that promoted dynamic protein-RNA interaction led to an enhanced annealing rate, whereas the two conditions that induced tight compaction of RNA as a monomer (Figures 2 and 4 ) resulted in no improvement (Figure 6F ). This result strongly suggests that the dynamic protein-RNA interaction, mediated by the NTD of LAF-1, is directly responsible for enhanced interaction between LAF-1-RNA complexes, which leads to rapid annealing between two complementary RNA strands ( Figure 6G) . 
Dynamic Interaction Leads to
ATP Diminishes Protein-RNA Interaction and Dynamics
All of the assays performed and discussed above were done in the absence of ATP. We next asked whether or how ATP might play a role in modulating the interaction between LAF-1 and RNA. First, we examined RNA binding affinity by performing the experiment shown in Figure 2 in the presence of ATP (1 mM). Briefly, the fraction of LAF-1-bound U30 ssRNA molecules that produced high FRET were plotted as a function of LAF-1 concentration. As shown, the binding affinity was reduced by ATP, as evidenced by a higher K d ( Figure 7A ). The binding rate of LAF-1 to RNA was calculated by tabulating the LAF-1-bound fraction (high FRET) over time. The difference in half time deduced from the binding kinetic curve reveals that binding is slower in the presence of ATP ( Figure 7B ). This effect is likely due to ATP hydrolysis, not ATP binding, because ATPgS does not change the binding rate of LAF-1 ( Figure S7A ). To test whether LAF-1-RNA dynamics may also be influenced by ATP, we applied LAF-1 at a concentration of 1 mM to monitor LAF-1-induced dynamics on ssRNA at varying ATP concentrations. As we increased the ATP concentration, we observed a lower frequency of FRET signal fluctuation ( Figure 7C ). To quantify this effect, we collected FRET peak-to-peak dwell times from over 200 molecules ( Figure 7C , double arrow in red) and plotted the average rate of FRET fluctuation as a function of ATP concentration ( Figure 7D ). The anti-correlated relationship between the FRET fluctuation frequency and ATP concentration indicates that ATP acts to reduce the dynamic interaction between LAF-1 and ssRNA.
We then sought to test whether the decreased dynamics influence the RNA annealing rate. The annealing experiment performed in the presence and absence of ATP was plotted in the same way as shown in Figure 6E . We applied a 1 mM concentration of LAF-1 so that the annealing outcome would not be controlled by differential binding affinity between the two conditions. In the presence of ATP, the annealing was significantly reduced both in the rate and in the total amount of annealed product ( Figure 7E ). We note that the result is not affected by limited ATP based on the low rate of ATP hydrolysis by LAF-1 ( Figure S7B ). This result is consistent with the observation that the dynamic protein-RNA interaction promotes RNA annealing. In summary, ATP serves to reduce LAF-1's affinity to RNA, decrease its binding rate, lessen the dynamics on RNA, and diminish RNA annealing activity ( Figure 7F ).
DISCUSSION
Concentration-Dependent Binding Mode
Many studies have reported on protein concentration-dependent unwinding by helicases. For example, the superfamily (SF) 1 helicases Rep, PcrA, and UvrD in E. coli and Srs2 from yeast translocate on ssDNA at low concentration, whereas they unwind partially duplexed DNA at an elevated concentration range (Ali et al., 1999; Myong et al., 2005; Park et al., 2010; Qiu et al., 2013) . Such results are consistent with the prediction that more than one protein unit is required for efficient unwinding. DEAD box proteins are classified as non-processive helicases because they often display weak unwinding activity limited to a short length of base pairs of RNA (Linder and Jankowsky, 2011; Sengoku et al., 2006) . Here we examined LAF-1 and DDX3X, both of which are RNA DEAD box helicases critical for the assembly of RNP granules. Unlike the SF1 helicases, which unwind DNA in a concentration-dependent manner, here we report that LAF-1 and DDX3X exhibit a different RNA binding mode dependent upon protein concentration. At low concentrations (10-20 nM), the monomer unit of the protein wraps ssRNA tightly and stably, as evidenced by a stable high FRET signal that persist even after a buffer wash. The same high FRET value observed in U30, U40, and U50 indicates that the RNA compaction occurs in such a way that the end of the RNA strand comes into close proximity to the ssRNA/dsRNA junction in all RNA substrates. Although we cannot infer the conformational state of RNA, we expect that the multivalent interaction between the protein and RNA enables a tight compaction that may lead to a complete sequestration of RNA. A previous structure of DDX3X revealed an unusual helical element that extends a highly positively charged sequence in a loop that contributed to increased protein-RNA contact (Hö gbom et al., 2007) . Such a structural feature, together with the N-and C-terminal IDR domains, may be responsible for the extensive RNA compaction we observe here. In contrast, a high concentration of LAF-1 allows multimer binding on a long ssRNA substrate and induces continuous and repetitive conformational dynamics on ssRNA, represented by long-lived FRET fluctuations. In light of their function in the assembly of the RNP complex, the compaction of RNA seen at low protein concentrations may represent an inactive or dormant state in which the protein sequesters RNA into its reservoir rather than interacting with neighboring molecules. In contrast, the dynamic interaction obtained at high protein concentrations on a long ssRNA substrate may reflect an activated or charged state in which the dynamic protein-RNA complex actively associates with neighboring protein-RNA components. In this capacity, the dynamic state may reflect a nucleating condition primed for assembly into RNP droplets. Although functionally distinct, such nucleation may be similar to the nucleation event found in Rad51 and RecA (Joo et al., 2006; Qiu et al., 2013) , in which a four-to five-monomer cluster represents the active state, which can lead to rapid filament extension suited for homology searching.
Contribution of N-and C-terminal Domains
Both N and C termini of LAF1 consist of IDRs that are composed of elements such as RGG/RG-, G/Q-, and G/S-rich chains of amino acids. These low-complexity domains are expected to contribute to RNA binding and an increased propensity to self-aggregate. Although the NTD of LAF-1 contains RGG-rich segments, which enables RNA binding, the NTD is not solely responsible for the RNA binding affinity of LAF-1 because DNTD also exhibits RNA binding. Unexpectedly, DNTD displays a higher RNA binding affinity than the full-length protein, suggesting that the NTD reduces RNA binding affinity in the context of the full-length protein. Our results reveal that the NTD of LAF-1 is directly responsible for the concentration-dependent static and dynamic binding modes exhibited by the full-length protein.
We propose that the NTD of LAF-1 acts as a switch turned off as a monomer that allows capturing of RNA in a tightly packed format and turned on by forming a multimer that imparts a slippery and fluidic protein-RNA interface and induces dynamic mobility on RNA. The lack of multimerization in DNTD strongly suggests that the NTD is directly involved in protein-protein interaction mediated by a long RNA substrate ( Figure 5G ). Taken together, our result is consistent with a model in which the differing conformation of the NTD between the monomer and multimer dictates its interaction mode with RNA, as depicted in Figure 5G . Although the deletion of the C terminus (DCTD) did not induce a drastic change (i.e., the binding affinity and the concentration-dependent static versus dynamic RNA binding), it displayed a significant reduction in RNA annealing activity. We note that CTD-only could not be purified because of heavy precipitation, which likely arose from self-aggregation.
Insights into the RNA Remodeling Function
The core proteins in RNP are expected to exhibit a multifaceted ability to interact with RNA, protein, and RNA-protein (RNP) complexes. First, they bind RNA with high affinity to capture RNA for storage or transport functions. However, such binding cannot be too tight because RNA molecules are required to be dislodged and released as needed for translation, degradation, and transport. Second, the RNP proteins interact with neighboring RNP components to form an organized meshwork to be assembled into granules. Again, the interaction should be strong enough to hold up the constituent and to support further growth of granules but not entirely locked into a rigid structure because the RNP components undergo fluidic exchange with other granules in cells (Jain et al., 2016) . Third, they remodel RNA for different purposes. Such activity includes unwinding of duplexed RNA, unfolding of secondary structured regions, annealing of complementary strands, packaging or condensing RNA for storage or transport, and sequestering RNA from degrading enzymes. We demonstrate that LAF-1 does not exhibit unwinding activity but promotes RNA annealing under conditions that induce dynamic RNA-protein interaction ( Figure 6F ). Interestingly, the same conditions led to phase separation in our previous study . Based on these findings, the increased annealing activity we observe here may be a proxy for droplet assembly; i.e., a signal informing that the local concentration of protein-RNA complexes has exceeded the threshold required for initiating nucleation for droplet assembly.
Our earlier work demonstrated that LAF-1 forms a liquid-like droplet at physiologically relevant concentration of protein (1 mM) and salt (125 mM NaCl) in the absence of RNA. In the presence of RNA, the droplet exhibits higher dynamics and fluidity, as displayed by microrheology and fluorescence recovery after photobleaching (FRAP) experiments . Based on these observations, although RNA is not required for the droplet formation, it acts like a fluidizer that may contribute to the dynamic nature of RNP granules in cells. In light of the recent findings of in vitro protein-only droplets developing into a fiber-like state over time (Molliex et al., 2015; Patel et al., 2015) , RNA may play a critical role in generating and maintaining the liquid-like property of granules. In addition, the extremely high annealing rate achieved in DCTD reveals the role of the CTD in downregulating LAF-1's annealase activity. It could be due to a conformational change of the CTD that results in decreased interaction between protein-RNA complexes.
The Role of ATP and Dynamic Equilibrium in the RNP Complex In many helicases, ATP binding and hydrolysis lead to catalytic activities such as unwinding, translocation, and protein displacement. Unlike these well-known effects, ATP served to reduce LAF-1's affinity to RNA, diminish the RNA-LAF-1 dynamics, and dampen RNA annealing. If we interpret the high protein-RNA affinity, increased dynamics, and enhanced annealing as the conditions that favor nucleation and assembly of the RNP complex, the ATP-induced effects demonstrated here suggest a condition that promotes disassembly of the RNP complex. In this regard, the ATP concentration, in addition to protein concentration, may be an important parameter that controls the formation and disassembly of LAF-1 RNP granules. A recent study reported a structure of DDX3X bearing an ATP-binding loop (ABL) that is critical for RNA-stimulated ATPase activity. The nuclear magnetic resonance (NMR) chemical shift suggested that the ABL interacts dynamically with ATP (Epling et al., 2015) . The weaker protein-RNA interaction in the presence of ATP may arise from such dynamic fluctuation of the ABL-like domain. In agreement, an earlier DDX3X structure was crystallized bound to AMP despite the provided conditions of ATPƴS and ADP (Hö gbom et al., 2007) , suggesting that the ATP-bound form is less structured and more flexible. Another structure of a closely related RNA helicase, Vasa, with ATP and RNA exhibited a sharply bent RNA that avoids clashing with the N-terminal domain (Sengoku et al., 2006) . This conformation was interpreted to be suited to unwind duplexed RNA by Vasa. In light of our findings, such an arrangement may explain the weakened interaction between the ATP-bound LAF-1 and RNA.
Our results reveal three parameters that can contribute to tuning the RNP assembly and dynamics: the local protein concentration, the length of ssRNA, and ATP. At low protein concentrations, individual LAF-1 units may interact with a single RNA molecule by tightly wrapping it around, perhaps to sequester it from other RNA binding proteins or degrading enzymes. As the local protein concentration increases, more than one LAF-1 occupies single RNA and induces a dynamic interaction interface, which, in turn, triggers enhanced interaction between protein-RNA complexes and improved RNA annealing activity.
Such an interaction may be sufficient to drive the nucleation of protein-RNA complexes toward the formation of RNP droplets. In contrast, ATP acts to reduce the affinity and dynamics in LAF-1-RNA interactions, thereby lowering the propensity to assemble the RNP complex. The effect induced by ATP, which appears to favor disassembly of RNP, can represent a critical means to separate and disperse the RNP components to other parts of cytoplasm for delivery or exchange purposes. Our result strongly suggests that ATP acts as a dispersing agent that disaggregates protein-RNA complex formation. Such a role played by ATP can be critical in a crowded cellular environment in which the extremely high protein concentration can easily induce aggregations and pathological inclusions bodies (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015) . The molecular probing of LAF-1 protein to RNA interaction in varying protein concentration, ssRNA length, and ATP reported here presents a plausible mechanism by which RNP complex dynamics can be tuned by several key parameters.
EXPERIMENTAL PROCEDURES Materials
The vectors pET28a and pUC19 were procured from Novagen and Fisher Scientific, respectively, and E. coli strain BL21(DE3) was from Stratagene. Restriction endonucleases, T4 ligase, Taq polymerase, Phusion polymerase, and calf intestinal alkaline phosphatase were purchased from New England Biolabs, and Kapa Taq polymerase was purchased from Kapa BioSciences. Luria broth (LB) powder mix (Luria and Miller broth) and glycerol were from Fisher Scientific, and isopropyl-D-thiogalactopyranoside (IPTG) was from Roche. LB agar plates with antibiotics were obtained from the University of Illinois, Urbana-Champaign (UIUC) cell media center. Custom DNA oligonucleotides were purchased from Integrated DNA Technologies. Materials for DNA purification via agarose gel electrophoresis, including the QIAquick gel extraction kit and Qiaprep Spin miniprep kit were purchased from QIAGEN.
Molecular Cloning
Standard molecular biology protocols were used for cloning. Plasmid DNA was prepared using a miniprep kit (QIAGEN), and vectors were digested by appropriate restriction endonucleases (New England Biolabs). Digested inserts and linearized vectors were purified by a QIAGEN PCR cleaning kit. All molecular sub-cloning steps were performed using E. coli strain DH5-alpha and competent cells. The amino acid sequence of LAF1 protein (shown below) was codon-optimized. A codon-optimized, synthesized DNA sequence was inserted to contain 6-histidin at the N terminus. Truncated mutants of LAF1 were generated via PCR with LAF-1-encoding DNA. Phusion high-fidelity polymerase-based PCR reactions (20 ml) were carried out according to the following program: 2 min at 95 C followed by 24 cycles of 15 s each at 95 C, 15 s at the appropriate annealing temperature (gradient range), and 2 min at 72 C. The PCR amplicon encoding for LAF1 was ligated. Positive colonies were selected the next day and amplified, and DNA was sequenced at the UIUC sequencing center.
Protein Expression
The pET28a expression plasmid encoding full-length or deletion mutants of LAF-1 were transformed into E. coli expression strain BL21(DE3)pLysS. For protein expression, 10 ml LB culture medium supplemented with 100 mg/l kanamycin was inoculated with a single colony and incubated overnight (16 hr) in an Erlenmeyer flask at 250 rpm, 37 C. Following overnight growth, the culture was diluted 100-fold into 1000 ml LB culture supplemented with 100 mg/l kanamycin. Absorbance was monitored at a wavelength of 600 nm, and, upon reaching an optical density (OD 600 ) of 0.3, protein expression was induced by addition of 1.0 mM IPTG. After incubating cultures at 18 C and 200 rpm for overnight protein expression, cell pellets were harvested by centrifugation (6,000 3 g, 15 min, 4 C), followed by snap-freezing in dry ice and ethanol. All amino acid sequences for LAF-1 have been published previously .
Protein Purification LAF1 and DDX3X were purified using affinity columns followed by a size exclusion column, as done previously .
RNA Sample Preparation
All RNA oligonucleotide substrates were purchased from IDT labeled with either Cy3 or Cy5 dyes. The complementary RNA was modified with Cy3 (GE Healthcare) at its 5 0 end. RNA substrates were assembled via annealing by mixing Cy3-labeled strand and Cy5-labeled complementary strand RNA at a molar ratio of 1:1 in T100 (10 mM Tris-HCl [pH 7.5] and 100 mM NaCl). The annealing mix was incubated at 65 C for 5 min, followed by slow cooling to room temperature over 3 hr.
Single-Molecule Imaging Buffers
For single-molecule imaging, 1.0 mg/ml glucose oxidase, 0.2% glucose, 2 mM 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic (Trolox), and 0.01 mg/ml catalase were added to the buffer (125 mM NaCl and 50 mM Tris-HCl [pH 7.5]). All FRET and single-molecule imaging measurements were carried out in the same buffer (50 mM Tris-HCl [pH 7.5] and 125 mM NaCl) at room temperature (22 ± 1 C).
Single-Molecule Fluorescence Data Acquisition
Single-molecule fluorescence experiments utilized quartz slides (Finkenbeiner) coated with polyethylene glycol (PEG), prepared as described previously (Roy et al., 2008) .
EMSA Protein-RNA interaction was assayed by EMSA as described (Hellman and Fried, 2007) . Briefly, the same Cy3-or Cy5-labeled RNA used for smFRET with Cy3 or Cy5 labeling was utilized. Fluorophore-labeled RNA was diluted to 100 nM and used for the EMSA. For the EMSA, protein and RNA were mixed at the appropriate ratio and incubated at room temperature for 20 min. After incubation, the reaction mixture was mixed with DNA loading dye and subjected to gel electrophoresis (6% polyacrylamide [PAA] gel). The gel was imaged using a Typhoon fluorescence scanner (GE Healthcare).
smFRET Data Analysis All data analyses were carried out by scripts written in MATLAB, and an additional analysis software was coded in C++ and MATLAB. The software for analyzing single-molecule FRET data is available for download from https:// physics.illinois.edu/cplc/software/ and http://vbfret.sourceforge.net/.
Binding Isotherm Calculation Binding isotherm was calculated from different FRET statuses in different protein concentrations. The fraction of FRET values was counted with the custom MATLAB code. The number of RNAs was also counted to normalize the fraction numbers. The resulting data collection was plotted with Origin 8.0 software using the Hill equation.
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